Increasing activity of the cAMP/protein kinase A (PKA) pathway has often been proposed as an approach to improve memory in various organisms. However, here we demonstrate that singlepoint mutations, which decrease PKA activity, dramatically improve aversive olfactory memory in Drosophila. These mutations do not affect formation of early memory phases or of protein synthesis-dependent long-term memory but do cause a significant increase in a specific consolidated form of memory, anesthesiaresistant memory. Significantly, heterozygotes of null mutations in PKA are sufficient to cause this memory increase. Expressing a PKA transgene in the mushroom bodies, brain structures critical for memory formation in Drosophila, reduces memory back to wildtype levels. These results indicate that although PKA is critical for formation of several memory phases, it also functions to inhibit at least one memory phase.
M
any different mutations that decrease learning and memory in Drosophila and other experimental organisms have been identified (1) . However, mutations that improve memory have been difficult to obtain. In several cases, overexpression of genes important for memory formation has been reported to improve memory, including Notch (2), CREB (3, but also see 4), NMDA receptor subunit 2 (5, 6), the ubiquitin ligase Neuralized (7) , and others; but to date, no single-point mutations that improve memory have been identified.
The cAMP/protein kinase A (PKA) pathway has long been known to be essential for memory formation. Mutations in rutabaga, which encodes a Ca 2ϩ -dependent adenylyl cyclase, cause significant defects in short-term memory (STM) (8) . In addition, severe reductions in expression or activity of DC0, the gene encoding the catalytic subunit of PKA, cause deficits in learning, STM and middle-term memory (MTM) (9) (10) (11) . amnesiac mutants are defective for neuropeptides proposed to regulate adenylyl cyclase and are defective for MTM (12, 13) . The CREB transcription factor is required for long-term memory (LTM) formation, and CREB activity is regulated by PKA (3, 4, 14) . These results have prompted researchers to try to improve memory by pharmacologically increasing PKA activity. Indeed, agonists of D1/D5 dopamine receptors that are positively associated with adenylyl cyclase, analogs of cAMP, and rolipram, a cAMP phosphodiesterase inhibitor, have all been reported to enhance memory (15, 16) . However, increases in cAMP/PKA activity have also been shown to be detrimental to memory. Mutations in dunce, a cAMP-specific phosphodiesterase, increase cAMP levels and cause a severe STM defect (17) . Protein phosphatase 1-mutated flies also have defective learning and memory (18) . Increasing PKA expression by using a heat shock promoter or a mushroom body-specific promoter inhibits learning and memory (19, 20) , whereas decreasing PKA activity to 24% of wild type inhibits learning (9, 11) . Further decreasing PKA activity to 16% of wild-type inhibits both learning and memory retention (11) . These results indicate that normal memory formation is highly sensitive to PKA expression levels, and it is not necessarily clear whether increasing or decreasing PKA activity improves memory.
Early phases of memory (STM and MTM) are consolidated into 2 types of longer lasting forms of memory in Drosophila: LTM and anesthesia-resistant memory (ARM) (21) . ARM is produced after a single training or multiple repetitive trainings of an aversive association (21) . It is gradually produced shortly after training and reaches asymptotic levels between 1 and 2 h after training (21) . After multiple trainings, ARM lasts over 24 h and decays within 4 days (21) . LTM of an aversive association requires multiple trainings with rest intervals between trainings to be formed and lasts up to 7 days (21). Interestingly, for appetitive memory, both ARM and LTM are produced after a single cycle of training, with ARM again being produced earlier than LTM (22) .
LTM requires new protein synthesis to be formed and also requires activity of the CREB transcription factor (4, 14, 21) . In contrast, ARM does not require CREB activity and can be formed in the presence of concentrations of protein synthesis inhibitors that inhibit protein synthesis by 50% (21) . Although PKA activity is important for CREB activity and LTM formation, the role of PKA in ARM formation has not been extensively studied.
Previously, we determined a situation in which decreasing PKA activity improves memory. Drosophila, similar to other species, suffer a reduction of memory upon aging, known as age-related memory impairment (AMI) (23) . Learning is relatively unaffected, but a strong and significant impairment of MTM occurs at old ages. Decreasing PKA activity dramatically delays AMI and allows flies to maintain youthful memory into old ages (20) . This suggests that AMI may occur because of an age-dependent increase in cAMP/PKA activity or an agedependent increase in expression of a PKA substrate that inhibits MTM upon phosphorylation.
In this work, we describe a second situation in which decreasing PKA activity improves memory. While characterizing mutants for amelioration of AMI, we observed that some PKA mutants strongly enhance memory at young ages as well. We show that memory improvement in these PKA mutants consists of a specific increase in ARM. This memory enhancement does not depend on genetic background and can be reverted to normal by expressing PKA in the mushroom bodies (MBs), structures important for memory formation in the Drosophila brain.
Results

Identification of Specific Point Mutations That Improve Memory
Retention. In a previous study, we determined that heterozygotes of lethal point mutations in DC0, the gene encoding the major catalytic subunit of cAMP-dependent protein kinase (PKAc), dramatically delay AMI onset (20) . These heterozygotes all reduce PKA activity to Ϸ50% of wild type and delay AMI onset Ͼ2-fold (20, 24) . While characterizing these mutants further, we made the startling observation that some of them also improve memory retention in young flies. Wild-type flies have a characteristic memory retention curve after a single cycle of training where memory is initially extremely robust but then gradually decays as the time interval between training and testing increases. Two mutants, DC0 B3 /ϩ and DC0 H2 /ϩ, have dramatically improved memory retention curves compared with wild-type flies, whereas 3 others, DC0 B10 /ϩ, DC0 H3 /ϩ, and DC0 B12 /ϩ (data not shown) have retention curves similar to wild-type (Fig.  1) . Avoidance of naïve flies to the odors and electrical shocks used during training was not significantly different between wild-type and DC0 heterozygous mutants, indicating that the increases in memory we observed are not caused by increased sensitivity to these stimuli [supporting information (SI) Fig. S1 ].
DC0 B3 /؉ and DC0 H2 /؉ Mutants Have Increased ARM. Memory retention curves of DC0 B3 /ϩ and DC0 H2 /ϩ mutants indicate that early forms of memory, including memory tested immediately after training (3-min memory) and short forms of memory (1-h memory) are not greatly affected. However, memory at later time points, 3 h and 7 h after training, progressively increases relative to wild type, such that at 7 h, memory is approximately double that of wild-type. This type of memory improvement suggested to us that short forms of memory are normal, but consolidation from STM to more stable forms of memory is increased in these DC0/ϩ mutants. The consolidated form of memory produced in Drosophila after a single cycle of olfactory conditioning is ARM (21) . Seven hours after a single cycle of training, shorter forms of memory have decayed, leaving ARM as the predominant remaining memory phase (21) . The second form of consolidated memory, LTM, forms only after multiple spaced trainings for aversive associations (25) .
To address whether formation of ARM is specifically enhanced in our DC0 B3 /ϩ and DC0 H2 /ϩ mutants, we performed cold shock retrograde amnesia experiments (21) . Three hours after training, memory consists of anesthesia-sensitive memory (ASM), a combination of STM and MTM, and ARM ( Fig. 2A) . ARM can be separated from the shorter-lasting, more labile ASM because it is resistant to cold shock anesthesia (21, 26, 27) . Thus, if flies are cold shocked by placing them in prechilled vials and submerging them in ice water for 90 s, 1 h before testing, STM and MTM are abolished, leaving only the ARM component of 3-h memory (Fig. 2B ). As seen in Fig. 2C , both DC0 B3 /ϩ and DC0 H2 /ϩ flies have improved 3-h memory in the absence of cold shock, indicating that at least 1 memory component of 3-h memory is increased. When a cold shock is given 2 h after training, and 3-h memory is measured, both lines again show an increase in memory, indicating that cold shock-resistant ARM is increased in these flies. Importantly, the increase in total 3-h memory and the increase in cold shock-resistant 3-h memory are similar (20. Heterozyotes of null (DC0 B3 /ϩ) and strong (DC0 H2 /ϩ) DC0 mutations significantly improve memory retention, whereas heterozygotes of weaker DC0 alleles (DC0 B10 /ϩ and DC0 H3 /ϩ) do not. The DC0 B3 mutation truncates PKAc by Ͼ50 aa, is genetically and phenotypically indistinguishable from deficiency lines lacking DC0, and is likely to be a null mutation in DC0. DC0 H2 is classified as a severe or strong DC0 mutation based on the early lethality of hemizyotes. DC0 H3 , DC0 B10 , and DC0 B12 (data not shown) are classified as medium and weak alleles based on complementation studies and the lethal phase of hemizygotes. Severity of alleles is based on classification by Lane and Kalderon (24) . Note that the null allele improves memory to a greater extent than the strong allele, whereas the medium and weak alleles do not improve memory at all. n Ն6 for all data points. DC0 B3 /ϩ and DC0 H2 /ϩ curves show significant differences compared with wild type with respect to genotype, retention time, and interaction between genotype and retention time as analyzed by 2-way ANOVA (P Ͻ 0.003 in all cases). DC0 B10 /ϩ and DC0 H3 /ϩ curves show no significant differences from wild-type with respect to genotype. Bonferroni post hoc analyses indicate that DC0 B3 /ϩ and DC0 H2 /ϩ lines do not show significant differences from wild type at retention times of 0 and 1 h but do show significant differences at 3 and 7 h. * , P Ͻ 0.05; *** , P Ͻ 0.001.
for DC0
H2 /ϩ compared with wild type), indicating that the memory improvement seen in DC0/ϩ heterozygotes consists of an increase in ARM and not STM and MTM.
ARM can also be measured by using a second training regimen. Ten massed trainings (10 trainings repeated one after another with no rest intervals) produce memory that lasts Ͼ24 h (21). This memory is not inhibited by feeding protein synthesis inhibitors and consists strictly of ARM. DC0 B3 /ϩ and DC0 H2 /ϩ both show increased 24-h memory after massed training, again indicating that increased ARM production is responsible for the increase in memory observed in these flies (Fig. 2D ).
DC0/؉ Mutations Do Not Affect LTM and Enhance ARM Independently
of Genetic Background. Because DC0/ϩ mutations can increase ARM, we next wanted to determine whether they could also increase the second form of consolidated memory, LTM. Massed training produces only ARM, whereas spaced training (10 trainings with 15-min rest intervals interspersed between trainings) produces both ARM and LTM (28) . ARM decays to baseline within 4 days after spaced training, whereas LTM lasts at least 7 days (21). Thus, to determine whether reducing PKAc activity also improves LTM, we measured 4-day memory after spaced training in wild-type, DC0 B3 /ϩ and DC0 H2 /ϩ flies. As seen in Fig. 3A , 4-day memory is identical in these lines, suggesting that reductions in PKAc do not increase LTM. DC0B3/ϩ and DC0H2/ϩ increase ARM. (A) Schematic memory retention curve demonstrating that observed memory retention consists of the sum of an early phase of memory, ASM, and a later phase, ARM. ASM consists of STM and MTM and is gradually consolidated into ARM. (B) Schematic demonstrating that 3-h memory consists of an ASM component and an ARM component. The ARM component can be specifically measured by cold-shocking the flies (cold shock anesthesia) 1 h before testing. Doing so specifically erases the ASM component of memory. ASM can be calculated by subtracting ARM from total 3-h memory. (C) DC0 B3 /ϩ and DC0 H2 /ϩ significantly improve total 3-h memory (P Ͻ 0.01 as assayed by t test). They also improve the cold shock-resistant ARM component of 3-h memory to the same extent (P Ͻ 0.05 as assayed by t test). Thus, these DC0 mutations increase ARM and not ASM. n Ն6 for all data points. (D) ARM can also be measured as 24-h memory after 10 massed trainings. ARM after massed training is significantly increased relative to wild type in DC0 B3 /ϩ (P Ͻ 0.05 as assayed by 1-way ANOVA) and DC0 H2 /ϩ (P Ͻ 0.05 as assayed by t test), whereas it remains unchanged in DC0 B10 /ϩ, DC0 H3 /ϩ, and DC0 B12 /ϩ lines. Two separate panels are shown in D because these experiments were performed at different times. Although there is some variability in 24-h memory measured in wild-type flies, both DC0 B3 /ϩ and DC0 H2 /ϩ always show improved ARM relative to wild-type. n ϭ 5-7. * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001. 3 . DC0/ϩ mutants do not increase LTM although they do increase ARM in a different genetic background. (A) LTM, a second consolidated form of memory that forms after 10 spaced trainings, is not increased in DC0/ϩ mutants. LTM measured 4 days after spaced training remains unchanged relative to wild-type in DC0 B3 /ϩ and DC0 H2 /ϩ flies (P ϭ 0.9629 and P ϭ 0.5730 as assayed by t test). n ϭ 10 and 11, respectively. (B) Memory retention curves of wild-type and DC0 B3 /ϩ flies after spaced training. Memory is improved 1 day after training but returns to normal 4 days after training in DC0 B3 /ϩ flies. Two-way ANOVA demonstrates significant differences caused by retention time (P Ͻ 0.0001) and interaction between genotype and retention time (P ϭ 0.0142). Bonferroni post hoc analyses indicate that DC0 B3 /ϩ shows significant differences from wild type at a retention time of 1 day (P Ͻ 0.01) but not at 4 and 6 days (P Ͼ 0.05). n ϭ 5-10 for each data point. (C and D) Improvement of memory in DC0 B3 /ϩ mutants is not caused by specific background effects. Both 3-h memory after single-cycle training (C) and 24-h memory after massed training (D) are improved by the DC0 B3 /ϩ mutation in a w1118 background. n Ն 6. ** , P Ͻ 0.01; *** , P Ͻ 0.001. N.S., not significant. 
B3 /ϩ flies. Memory in DC0 B3 /ϩ flies is enhanced 1 day after spaced training and is normal at 4 and 6 days after training. Overall, our data indicate that memory enhancement begins between 1 and 3 h after single cycle training and reverts to normal within 4 days after spaced training. These results are entirely consistent with a model where memory enhancement in DC0 B3 /ϩ and DC0 H2 /ϩ flies consists of a specific increase in ARM (25) .
Because DC0 B3 /ϩ and DC0 H2 /ϩ are the first single-point mutations identified that significantly improve memory retention, we were concerned that they might function by complementing an existing defect present in our w(CS) wild-type line rather than improving memory in general. To address this possibility, we outcrossed our DC0 B3 /ϩ line to a different wild-type line, w1118, for 6 generations and tested for both 3-h memory after single cycle training and 24-h memory after massed training. As seen in Fig. 3 C and D, DC0 B3 /ϩ improves ARM in this line as well. Thus, we believe that improvement of ARM by reducing PKA activity is a general effect unrelated to genetic background. 128 to Ser. The lethality of homozygotes of the weaker alleles can be rescued by 1 copy of a DC0 transgene that expresses at Ϸ10% of wild-type levels, whereas the stronger alleles require 2 copies for appreciable rescue (24) . In addition, strong and weak DC0 alleles can be separated based on the stage at which lethality occurs in hemizygotes and the limited ability of weaker alleles to complement each other for viability (24) . Furthermore, at least 1 group has demonstrated that a heterozygote of 1 of the weaker alleles, DC0 B10 , retains more PKA activity than a heterozyote of a deficiency encompassing the DC0 gene (29) . Thus, there are clearly small but significant differences in activity between different alleles that have biological relevance. We reasoned that memory improvement in DC0 B3 /ϩ and DC0 H2 /ϩ mutants could be caused by two possibilities. Improvement could be caused by these minor differences in PKA activity, or improvement could be an allele-specific effect where defective proteins encoded by DC0 B3 and DC0 H2 could be inhibiting specific PKA complexes that repress memory retention.
A General Reduction in PKAc Activity
To distinguish between these two possibilities, we next measured memory in heterozygotes of a deficiency line, Df(2L)␥7, that removes the entire PKA coding region. Similar to DC0 B3 /ϩ and DC0 H2 /ϩ flies, Df(2L)␥7/ϩ flies have increased total and cold shock-resistant 3-h memory after a single cycle of training (Fig. 4A) . In addition, they have significantly increased 7-h memory (data not shown) and significantly increased 24-h memory after massed training (Fig. 4B ) compared with wildtype, indicating that an overall reduction in PKA activity to a certain level, rather than allele-specific effects, causes improvement of memory in Drosophila.
Expression of DC0 in the MBs Suppresses DC0 B3 /؉ Memory Enhancement. If reduced PKAc expression causes increased memory in DC0/ϩ mutant flies, memory improvement should be suppressed if we express a DC0 transgene in these mutants. In the Drosophila brain, DC0 is mainly expressed in the MBs, structures known to be critical for olfactory learning and memory (9, 30) . Thus, we expressed a UAS-DC0 transgene under control of 2 drivers, 201y and c747, which predominantly drive expression in the MBs. As seen in Fig. 4C , the presence of the 201y or c747 drivers alone or the UAS-DC0 transgene alone does not significantly alter 24-h memory after massed training in a DC0 B3 /ϩ background. However, expressing DC0 under 201y or c747 control in a DC0 B3 /ϩ background reduces memory back to the wild-type level.
Because strong overexpression of PKAc on its own can DC0 B3 /201y and DC0 B3 /c747 are a DC0 B3 /ϩ lines containing the specified MB drivers, 201y and c747, alone. DC0 B3 /ϩ;PKAc/ϩ is a DC0 B3 /ϩ line containing a DC0 transgene in the absence of a driver, and DC0 B3 /201y;PKAc/ϩ and DC0 B3 / c747;PKAc/ϩ express the DC0 transgene under 201y and c747 control. Oneway ANOVA demonstrates significant differences in 24-h memory caused by genotype in both experiments (P ϭ 0.0045 and P ϭ 0.0002). Bonferroni post hoc analyses show that there are no significant differences between DC0 B3 /ϩ, DC0 B3 /201y, DC0 B3 /c747, and DC0 B3 /ϩ;PKAc/ϩ lines (P Ͼ 0.05), whereas there are significant differences between DC0 B3 /ϩ and wild-type, DC0 B3 /201y; PKAc/ϩ, and DC0 B3 /c747;PKAc/ϩ lines (P Ͻ 0.05). n Ն6. * , P Ͻ 0.05; *** , P Ͻ 0.001; N.S., not significant.
decrease learning and memory in a wild-type background (19) , it remained possible that the apparent complementation of memory enhancement that we observed is not the result of rescue but rather an unrelated effect caused by overexpression. If this is the case, we would expect (i) that PKAc expression using our MB drivers would inhibit ARM in a wild-type background and (ii) that PKAc expression using these drivers would not be specific to ARM but would also inhibit LTM. Indeed, expression of PKAc using a c309 MB driver abolishes 24-h memory after massed training in both a wild-type and a DC0 B3 /ϩ background (data not shown). However, expression of PKAc using the 201y driver has no effect on ARM in a wild-type background (Fig.  5A) , whereas it reduces ARM back to wild-type levels in a DC0 B3 /ϩ background (Fig. 4C) . Furthermore, expression of PKAc using a 201y driver does not affect LTM, as assayed by 4-day memory after spaced training, in a DC0 B3 /ϩ background. Taken together, these results indicate that enhancement of ARM depends on reduced PKAc expression in the MBs.
Discussion
In this work, we report the surprising finding that optimal cAMP/PKA activity for maximal memory retention of an olfactory associative task does not occur at the wild-type level but rather at a reduced level of Ϸ50% of wild type. Our results demonstrate that heterozygous DC0 mutants fall into 2 classes: those that increase ARM and those that do not. Interestingly, in terms of activity measured from head extracts, both types of mutants reduce PKA activity approximately equally (20, 24) , suggesting that either minor changes (Ϸ10-20%) in PKA activity can have major effects on ARM or that the 3 weaker mutants that do not improve ARM maintain a specific PKA function that inhibits ARM. In a previous study, Lane and Kalderon (24) classified PKA mutants as null, strong, medium, and weak based on survivorship and egg development in complementation studies with weak PKA mutants. The 3 mutants that improve ARM all fall into the null and strong PKA mutant classes, whereas the 3 mutants that fail to improve ARM fall into the medium and weak classes, suggesting that the weak PKA mutants retain some activity that functions to inhibit ARM. It will be of great interest in the future to identify differences between weak and strong PKA alleles to identify potential PKA complexes or substrates involved in inhibiting ARM.
Although many groups have demonstrated that decreasing PKA activity inhibits learning and memory (9) (10) (11) 19) , our data are not necessarily inconsistent with these previous results. Studies in which PKA activity has been measured indicate that strong reductions to 24% or 20% of wild-type activity are necessary to reduce learning strongly (9, 11) , and a further reduction to 16% is necessary to observe further defects in MTM (11) . Moderate reductions to Ϸ60% of wild-type activity have minor or no effects on learning (9, 11) . In addition, previous work has focused on the role of PKA in learning and short forms of memory, and specific studies on consolidated ARM have not been reported. Our data indicate that there is only a brief window of PKA activity in which memory improvement occurs. Memory is normal when PKA activity is between 100% and Ϸ60% of wild-type levels. Below this, an improvement in ARM can be observed; but as activity decreases to less than Ϸ24% and 16%, reductions in learning and MTM predominate and may mask improvements in ARM.
The molecular basis through which ARM is formed is unknown. ARM formation has been proposed to be independent of new protein synthesis because its formation does not depend on activity of the CREB transcription factor (14) and is not prevented when protein synthesis is inhibited by 50% (21) . Thus, ARM may be regulated by posttranslational alterations of already existing proteins. Consistent with this idea, excess production of PKM, a persistently active truncated atypical protein kinase C, shortly after training, enhances ARM (31) . We believe that ARM may be positively regulated by atypical PKCdependent phosphorylation and negatively regulated by PKAdependent phosphorylation. Interestingly, one ARM-specific memory mutant, radish, has been identified (27) . The radish gene has been cloned, and, although its function is unknown, the putative radish gene product has 23 potential PKA sites and 14 potential PKC sites, suggesting that it may be regulated by phosphorylation (32) .
Overall memory retention consists of the summation of various different memory phases (33) . Our data suggest that these different phases are differentially affected by PKA such that increasing PKA activity may have positive effects on learning, STM, and LTM, whereas decreasing PKA activity has positive effects on ARM. Similarly, in mammalian systems, various memory types, including hippocampus-dependent memory, are enhanced by increasing cAMP/PKA activity, whereas a different type of memory, working memory, is inhibited by kinases including PKA (34, 35) .
Although ARM and working memory are functionally distinct (working memory is a temporary memory form used to keep in mind information that needs to be monitored to make a particular decision, and ARM is a consolidated memory that forms over 2 h and lasts several days), it is intriguing to note that both forms of memory are enhanced by lowering PKA activity, and both may have antagonistic functions with other memory types (34, 36, 37) .
DC0 mutations are able to improve ARM in young flies and delay AMI in aged flies. Expression of DC0 in the MBs suppresses both of these effects, suggesting that PKA substrates that cause AMI and inhibit ARM are both expressed in the MBs. However, we believe that suppression of AMI and enhancement of ARM may be 2 separable and distinct effects. AMI consists of a specific reduction in MTM, whereas ARM is unaffected by aging in flies (20, 38) . In addition, the DC0 mutations that improve ARM and the mutations that delay AMI are not identical. The weaker DC0 mutants, DC0 B10 /ϩ, DC0 B12 /ϩ, and DC0 H3 /ϩ, are able to delay AMI (20) but are not able to improve ARM. Furthermore, AMI can be delayed by expressing a PKA inhibitor, PKI, in the MBs of Drosophila, but this same treatment is unable to improve ARM (J.H., unpublished observations). This finding suggests that the amounts of PKA inhibition re- quired to delay AMI and enhance ARM are different and potential PKA substrates that are phosphorylated to inhibit ARM and cause AMI may be distinct.
Materials and Methods
Fly Stocks. All fly lines used in this work except for Df(2L)␥7/ϩ were outcrossed to our wild-type control line w(CS) (39) for at least 6 generations before use. Our DC0/ϩ lines do not contain any selectable markers at the mutation site, so flies containing each DC0 mutation were identified after each outcross by using genomic PCR. The specific end points of Df(2L)␥7 are not known, so this line was outcrossed to w(CS) containing a second chromosomal balancer, w(CS) CyO/Sp. At the final outcross to obtain heterozygotes, the deficiency was mated to w(CS) flies. Thus, our Df(2L)␥7/ϩ line contains 1 w(CS) second chromosome and 1 unoutcrossed second chromosome containing the deficiency. To obtain DC0 B3 /ϩ in a w1118 background, DC0 B3 /ϩ(w1118), DC0 B3 /ϩ from the w(CS) background was outcrossed to w1118 for 6 generations before use. All fly stocks were maintained at 25 Ϯ 2°C at a humidity of 60 Ϯ 10% under a 12-h/12-h light dark cycle under standard conditions.
Single-Cycle Training and Memory Assays. Training and testing of a Pavlovian olfactory association have been described in ref. 8 . Briefly, Ϸ100 flies were placed in a training chamber where they could be exposed simultaneously to an odor and electrical shocks. For single-cycle training, flies were exposed sequentially to 2 odors (3-octanol and 4-methylcyclohexanol) for 1 min each with a rest interval of 45 s between odors. One of the odors was paired with electrical shocks (60 V 1.5-s pulses every 5 s), whereas the other was not.
Testing was performed at various time intervals after training by placing the flies at a choice point between the 2 odors and allowing the flies to choose between the 2 odors for 1.5 min. Memory was measured as a performance index (PI), defined as 100 ϫ [2 ϫ (no. of flies choosing the unpaired odor)/(total no. of flies) Ϫ 1]. Individual PIs are always the average of 2 experiments where the shock-paired odor was alternated. In all experiments, memory scores are the average of at least 6 independent individual PIs.
Odor Acuity and Shock Reactivity. Peripheral control experiments including odor acuity and shock reactivity assays were performed as described in ref. 8 to verify that sensitivity to odors and electrical shock were unaffected in our mutants. Approximately 100 naïve flies were placed at the choice point of a T maze where they had to choose between an odor (3-octanol or 4-methylcyclohexanol) and mineral oil (olfactory acuity) or between electrical shocks and nonshocked conditions (shock reactivity). A PI was calculated as described above.
Massed and Spaced Training. Massed and spaced training were performed by using an automated system where a computer controlled both electric shock and odor application to the flies. Massed training consisted of 10 single-cycle trainings repeated without rest intervals between trainings, and spaced training consisted of 10 single-cycle trainings repeated with 15-min rest intervals between each training. Twenty-four-hour, 4-day, and 6-day memory were measured manually as described above.
Cold Shock. For cold shock experiments to measure ARM, flies were transferred into prechilled vials that were then placed in ice water for 90 s, 2 h after training. Memory was tested 3 h after training. The 1 h between cold shock and testing allows the flies sufficient time to recover from the cold shock.
Statistics. All data are expressed as means Ϯ SEM. Statistical analyses were performed by using Prism version 4.01 (GraphPad). P values Ͻ0.05 were judged as statistically significant.
